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Abstract
Amorphous TbxCo100−x magnetic alloys exhibit a list of intriguing properties, such as perpendicular magnetic anisotropy,
high magneto-optical activity and magnetization switching using ultrashort optical pulses. Varying the Tb:Co ratio in these
alloys allows for tuning properties such as the saturation magnetic moment, coercive field and the performance of the light-
induced magnetization switching. In this work, we investigate the magnetic, optical and magneto-optical properties of various
TbxCo100−x thin film alloy compositions. We report on the effect the choice of different seeding layers has on the structural and
magnetic properties of TbxCo100−x layers. We also demonstrate that for a range of alloys, deposited on fused silica substrates,
with Tb content of 24-30 at.%, helicity dependent all-optical switching of magnetization can be achieved, albeit in a multi-shot
framework. We explain this property to arise from the helicity-dependent laser induced magnetization on the Co sublattice due
to the inverse Faraday effect. Our study provides an insight into material aspects for future potential hybrid magneto-plasmonic
TbCo-based architectures.
I. INTRODUCTION
The development of magnetic memory storage devices
was accelerated by advancements in nano-fabrication and
material preparation methods. However, for dense and
fast magnetic memory devices, optimal materials and
nanostructures are essential. Rare earth-transition metal
(RE-TM) alloys have become a material class of interest
after the first observation of all-optical switching (AOS)
of their magnetization, using ultrashort laser pulses, as
in the case of ferrimagnetic GdFeCo alloys [1, 2]. Many
studies have been carried out in the area of AOS, ranging
from its observation in different classes of magnetic mate-
rials [3], such as ferrimagnetic alloys [4, 5], compensated
ferrimagnets [6], multilayers [7], and even ferromagnetic
films [8, 9] and ferro- and ferrimagnetic multilayers [10–
13], e.g. Pt-sandwiched Co films [14], and Gd/Fe bilayers
[15] to the exploration of the parameter space for the
observation of AOS. The latter includes material com-
positions [7, 16] and laser pulse parameters, such as flu-
ence [18], helicity [19, 20], and pulse duration [21]. A
range of both experimental and theoretical works were
performed in order to explain the mechanism of AOS:
ultrafast heating [22, 23], angular momentum transfer
between sublattices [24]comparing ultrafast heating and
coherent effects [25], numerical studies investigating dif-
ferent spin-coupling strengths [26], mean-field models of
relaxation dynamics in ferrimagnets [27], and ab initio
calculations [28] combined with atomistic spin-dynamics
modeling [9, 29].
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A ‘single-shot’ switching behavior has been observed
in amorphous GdFeCo [1], Gd/Fe bilayers [15], and
Co/Pt layers [14], but not in other materials, includ-
ing other ferrimagnetic alloys. Instead, most of the in-
vestigated materials show all-optical helicity-dependent
switching (AO-HDS) in response to a train of multiple
circularly-polarized laser pulses [8, 9, 12].Though single-
shot switching of magnetization as observed in GdFeCo
[4] is highly desirable for the scheme of magnetic data
writing, the low spin-orbit coupling of Gd leads to a
lower magnetic anisotropy in this material, which may
pose problems for long-term information retention as well
as the down-scaling of the memory bit size. In this re-
spect, the high spin-orbit coupling of Tb renders TbCo a
promising material, exhibiting larger magneto-crystalline
anisotropy than Gd-based alloys, which could be more
relevant for AO-HDS spintronic-based applications, if op-
timized for its efficiency [30].
The magnetic properties of amorphous ferrimagnetic
RE-TM TbxCo100−x alloys are highly tunable. It has
been theoretically predicted that TbxCo100−x could ex-
hibit (due to laser heating) thermally-induced magnetiza-
tion switching over a wide range of atomic compositions,
thus attracting attention as a suitable material for the
preparation of the building blocks of non-volatile memory
elements [30]. TbCo alloys also exhibit a favorable per-
pendicular magnetic anisotropy [6, 31, 33], which makes
them attractive for densely packed magnetic memory el-
ements. It was recently shown by Rowan-Robinson et al.
[34], that even after a lithographic process to fabricate
nanosized truncated Au/Tb18Co82 nanocones, the out-
of-plane magnetic anisotropy is preserved in the magnetic
tip of the nanocone. The Tb and Co sublattices interact
antiferromagnetically, but their magnetic moments are
uncompensated, giving rise to a non-zero net magnetic
moment. Starting from a TM-magnetic moment domi-
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nated condition at a given temperature, reduction of the
Co content in the TbxCo100−x alloy increases the coercive
field, µ0Hc, and decreases the saturation moment until
no net magnetic moment exists. This point is called the
magnetization compensation point xcomp, at which the
ferrimagnet resembles an antiferromagnet. Upon passing
through the compensation point to a RE-magnetic mo-
ment dominated composition region, the net magnetic
moment of the alloy begins to increase again. Alterna-
tively, an alloy with a given composition can become a
compensated ferrimagnet upon adjusting the tempera-
ture to the corresponding magnetization compensation
temperature T comp [33].
In this work we present results of a study of the mag-
netic properties and AO-HDS behavior of amorphous
RE-TM TbxCo100−x alloys. We investigate the effect of
the atomic ratio of Tb:Co, the thickness of the films and
the underlying non-magnetic buffer layers. We also ex-
plore the influence of the laser pulse characteristics, such
as fluence, number of shots and sweeping speed, on the
AOS performance. To explain the origin of the AO-HDS,
we further use ab initio calculations to compute the local
magnetization that can be coherently induced by circu-
larly polarized light through the inverse Faraday effect
[35]. Lastly, an aim of this investigation is to establish a
suitable parameter space for the observation of AO-HDS
in TbxCo100−x alloys, using a minimal amount of laser
shots.
II. MATERIALS AND METHODS
Amorphous TbxCo100−x alloys were prepared in an
ultrahigh vacuum DC magnetron co-sputtering system,
from elemental Tb and Co targets (99.99 % purity) and
using Ar as a sputtering gas. The sample holder was
rotating during deposition in order to ensure film thick-
ness and composition uniformity. TbCo films were then
characterized by Rutherford backscattering spectrometry
(RBS) and particle induced X-ray emission (PIXE), and
by X-ray scattering techniques to be able to probe the
conditions for AOS observation for a well-defined compo-
sition and atomic structure of the fabricated TbxCo100−x
layers. The elemental composition of the samples was in-
vestigated by ion beam analysis at the Tandem Labora-
tory of Uppsala University, using the 5-MV NEC-5SDH-2
tandem accelerator [36]. RBS and PIXE were employed
using 2.0 MeV He+ as a primary beam. X-ray reflec-
tivity (XRR) measurements were performed in order to
determine layer thickness as well as roughness. In the
data presented in the figures we refer to the nominal, i.e.
as calibrated, thickness of the films. The XRR deter-
mined thickness was 2 - 4 nm smaller than the nominal
one (see Supplementary information). The roughness of
the layers as determined from fitting of XRR curves us-
ing GenX [5], was in the range of 5 − 8 A˚. The atomic
structure of the films was investigated using grazing inci-
dence X-ray diffraction (GIXRD) measurements in order
to determine whether the layers are amorphous or crys-
talline. More details about the sample preparation and
characterization can be found in the Supplementary In-
formation and in Refs. [4, 38].
We further performed ellipsometry measurements to
determine the optical constants, i.e. the refractive in-
dex n and the extinction coefficient k, within the vis-
ible and near-infrared range, for various concentra-
tions of TbxCo100−x. We measured 20 − 40 nm thick
TbxCo100−x/Al2O3 films with Tb content in the range of
18.4− 30 at.% prepared onto fused silica substrates. For
each sample, measurements were taken in the 400−1600
nm spectral range using different incidence angles in the
range from 45◦ to 75◦ in the optical convention, i.e. from
the sample normal. Finally, the fitting of the ellipso-
metric data and the extraction of the wavelength depen-
dence of n and k was performed using the GenX software
[5, 9], specifically adapting it for the visible and near-
infrared range and considering a stack layer model with
thicknesses determined through XRR measurements and
GenX fitting of the resulting reflectograms. More de-
tails about the n and k extraction are provided in the
Supplementary Information.
Static magnetic and magneto-optical properties of the
TbxCo100−x films were analyzed employing magneto-
optical Kerr effect (MOKE). Magnetization loops were
measured using a polar MOKE (PMOKE) setup in re-
flection geometry with an incident light of 530 nm in
wavelength. A maximum out-of-plane static magnetic
field of 900 mT was accessible. The remanent mag-
netization state of TbxCo100−x films was imaged using
magneto-optical Kerr microscopy. We used a Kerr micro-
scope with a white light source and applied the magnetic
field perpendicular to the sample plane. In order to im-
age the remanent magnetization state, the samples were
first demagnetized in a time-dependent magnetic field
of decaying amplitude. The obtained micrographs were
then analyzed using a pair correlation function (PCF).
Element-specific domain imaging combining X-ray pho-
toemission electron microscopy (XPEEM) with the X-ray
magnetic circular dichroism (XMCD) effect at the Co L3
and the Tb M5 edges [41], was performed at the Sur-
face/Interface: Microscopy (SIM) beamline of the Swiss
Light Source. XPEEM was further used to record X-
ray absorption (XA) spectra for characterization of the
chemical state.
In order to investigate AO-HDS of magnetization,
static magneto-optical imaging was performed. The sam-
ples were illuminated at normal incidence using linearly-
polarized white light from an LED source. Upon trans-
mitting through the sample, the light was collected by
a 20× objective lens, passed through a crossed analyzer
to obtain magneto-optical contrast, and eventually de-
tected by a CCD camera. We studied the magnetization
switching behavior as a function of sample composition
and thickness for two types of ultrafast stimuli: (a) keep-
ing the sample stationary and varying the number of laser
pulses (‘shots’) incident on the sample, and (b) sweeping
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the sample under a train of ultrashort laser pulses. To
achieve AO-HDS, pump pulses were generated from a
Ti:Sapphire amplified laser system with a 1 kHz repeti-
tion rate and a central wavelength of 800 nm. For the
multi-shot measurements, the pulse width at the sample
was 90 fs and incident at 15◦ to the sample normal. For
the sweeping beam measurements, the pump had a pulse
width of about 240 fs at the sample position and was in-
cident at 10◦ to the sample normal. A translation stage
was used to control the sweep speed for the sweeping
beam measurements.
To investigate the origin of the AOS we performed ab
initio calculations of the inverse Faraday effect (IFE) [35]
that quantifies the amount of magnetization induced in
the material by circularly polarized laser light. To this
end we used the non-linear response theory formulation
[28, 42], which gives the induced magnetization δM IFE
per simulation-cell volume as
δM IFE = KIFE(ω) I/c, (1)
where KIFE(ω) is the frequency-dependent IFE constant,
I is the intensity of the laser, and c is the velocity of light.
The IFE constant was computed separately for the Tb
and Co atoms, assuming here the ordered TbCo2 Laves
compound as model system.
III. RESULTS
A. Elemental and structural characterization
A typical RBS spectrum from Tb18Co82 sample stud-
ied in this work is shown in Fig. 1(a). The statistical
uncertainty of the Tb:Co ratio was found to be ≈ 2%,
whereas systematic uncertainties were estimated to be
lower than 1%. The elemental composition was deter-
mined for samples deposited under different deposition
conditions in order to obtain the desired Tb:Co ratios.
In Fig. 1(b), the PIXE spectrum of the same sample is
shown. As can be seen in the PIXE fit, trace contamina-
tions of Cl and Ar were found in the sample (≈ 0.2 at.%),
while no evidence of heavy trace elements (Z >11) was
detectable in the film (quantification limit > 0.1 at.% for
the present measurements). The Ar trace contamination
found in the films was incorporated during the sample
preparation since Ar was used as sputtering gas.
The structure of the fabricated TbxCo100−x films pre-
pared on fused silica substrates, without any buffer layer
as well as with a Au or an Al80Zr20, buffer layers,
was investigated employing GIXRD measurements. The
Al80Zr20 buffer layers were used to ensure amorphicity
of the TbxCo100−x films, as previously reported by Frisk
et al. [6]. The Au buffer layers were chosen in this study
in order to investigate influence on the structure and thus
possibility of directly combining TbxCo100−x alloys with
typical plasmonic materials such as Au, a prerequisite
for the fabrication of future TbxCo100−x-based magneto-
plasmonic architectures. A typical GIXRD diffractogram
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Figure 1. (a) Experimental RBS spectrum recorded for the 2
MeV He+ primary ions scattered from the Tb18Co82 sample
prepared on a fused silica substrate (black solid line). The red
solid line represents the best fit provided by the SIMNRA code
[1]. The green and blue lines represent the contributions from
the O and Si respectively, which arise from the fused silica
substrate. (b) The PIXE spectrum (black line with symbols)
from the same sample in (a), which is obtained simultaneously
with the RBS spectra. The fit using GUPIX code [3] is also
shown for comparison (red solid line).
for two Tb30Co70 films, one prepared on a fused silica
substrate and the other on a Au buffer layer, and for a
Tb22Co78 film, prepared on an Al80Zr20 buffer layer, are
shown in Fig. 2. The films, prepared directly onto a fused
silica substrate and on the Al80Zr20 buffer layer, exhibit a
single, low intensity broad peak at around 2θ = 22o, that
can be associated with amorphous SiO2 (red symbols),
while three peaks can be observed for the film prepared
onto a 20 nm thick Au buffer layer (black symbols). The
first peak, at 2θ = 22o, similarly to the previous case,
corresponds to the substrate; the second, narrow high-
intensity peak around 2θ = 38o arises due to the Bragg
reflection from Au (111) planes, while the third, narrow
low intensity peak corresponds to the Tb30Co70 film.
In the work by Frisk et al. [6] it was shown that the
amorphicity of TbxCo100−x films depends on the Tb con-
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Figure 2. Diffractograms of a Tb30Co70 sample deposited
onto a fused silica substrate (red points) and onto a Au
buffer layer (black points), both capped with Al2O3, as well
as of a sample deposited onto and capped with Al80Zr20 (blue
points). Diffractograms were deconvoluted into Lorentzians,
given by the solid black lines, and the intensity was normal-
ized to the SiO2 peak. The data of Au/Tb30Co70 sample
(black measurement points) have been shifted upwards for
clarity.
tent in the film and the crystallization onset is at around
80 at.% of Tb. This comparison shows that films de-
posited onto amorphous substrates, such as fused silica or
Al2O3, grow amorphous, while deposition onto the poly-
crystalline buffer layers such as Au, leads to a probable
formation of nanocrystallites at the interfaces, similar to
what has been reported by Liebig et al. [45]. Crystallite
sizes, computed using Scherrer’s equation, are 97.9 A˚ and
58.7 A˚ for Au and Tb30Co70 layers, respectively. To
further confirm amorphous structure of the TbxCo100−x
films, we performed extended X-ray absorption fine struc-
ture (EXAFS) measurements of a TbxCo100−x film de-
posited on a fused silica substrate, which reveal no long
range order of atoms in our films. A spectrum recorded
with X-rays tuned for the Co edge is shown in Figure 2
of the Supplementary information.
B. Magnetic and chemical characterization
We investigated how the magnetic properties of
TbxCo100−x films are affected by the different non-
magnetic buffer layers, on which they are deposited, and
imaged the remanent magnetization state. The effect of
various buffer layers on the coercive field, µ0Hc, of a 18
nm thick Tb18Co82 film is illustrated in Supplementary
information Fig. 3. The µ0Hc is largest for samples pre-
pared on an Al80Zr20 buffer layer (364 mT) while the
films deposited on a 20 nm thick Au buffer layer appear
to have a reduced µ0Hc (170 mT). This can be related
to the structure of the TbxCo100−x films: Al80Zr20 is
known to promote the amorphous growth of the films,
while a polycrystalline Au buffer promotes nanocrystal-
lite formation in TbCo films at the interface (see Fig. 2)
[45]. However, an increase in µ0Hc (to 280 mT) can be
observed when a Tb18Co82 film is deposited onto a hy-
brid buffer of Au/Al2O3, so that Tb18Co82 has an inter-
face with amorphous Al2O3. This demonstrates how the
higher degree of amorphicity allows for increased coer-
civity in TbxCo100−x alloys. We would like to emphasize
the impact of having a non-magnetic buffer layer which
modifies atomic structure of the deposited magnetic layer
and hence, its magnetic properties. This occurs without
any interlayer exchange interactions, between the buffer
layer and the magnetic active layer, which could be used
for magnetic property modification, as in the study by
Tang et al. [46], where [Co/Ni] multilayers were used for
tuning the xcomp of TbCo.
We further analyzed how the coercivity changes by
varying composition and sample thickness. We varied
the Tb content in the TbxCo100−x films of 20, 30 and
40 nm in thickness, deposited on untreated fused silica
substrates and on a hybrid Au(20nm)/Al2O3 buffer lay-
ers. The results are summarized in Fig. 3. For films
grown on the untreated silica substrates, the µ0Hc di-
verges at around 23 at.% Tb both from Co- and Tb-
rich sides which is characteristic to ferrimagnetic alloys.
This region, indicated by the red hashed area, corre-
sponds to xcomp at room temperature. Similar values of
TbxCo100−x xcomp at room temperature were reported
in work by Alebrand et al. [11]. Grey regions at the low-
est and highest Tb content represent ranges, where the
films of the same thickness exhibits an in-plane magnetic
anisotropy (IPMA) rather than out-of-plane, or perpen-
dicular, magnetic anisotropy (PMA). Our investigations
also show that, reduction of the thickness of TbCo films
to below 10 nm, results in the emergence of in-plane mag-
netic anisotropy at the expense of the desired PMA (see
Supplementary information). Similarly to observations
of the buffer layer influence on µ0Hc (See Fig. 3 in Sup-
plementary information), the TbxCo100−x films prepared
on hybrid Au(20nm)/Al2O3 buffer layers exhibit larger
coercive fields than their counterparts prepared directly
on fused silica substrates.
In relation to the seed layer effect investigation, we also
measured samples with 15, 18 and 22 at.% Tb prepared
onto Al80Zr20 buffer layers. We observed that in con-
trast to films with 15 and 18 at.% Tb, the measured out-
of-plane hysteresis loop of the sample with 22 at.% Tb
appears to have changed the sign (see discussion in Sup-
plementary Information). This indicates that the com-
pensation point for films prepared onto Al80Zr20 buffer
layer is around 20 at.% Tb at room temperature, which
is in agreement with the results of the previous study
by Frisk et al. [6]. These results demonstrate the im-
portance of an underlying buffer layer for the observed
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magnetic properties of the TbxCo100−x films. In addition
to investigations of RT xcomp, T comp was determined by
temperature-dependent polar MOKE measurements of
the µ0Hc of TbxCo100−x films, prepared directly on the
fused silica substrates. A Tb18Co82 film, deposited di-
rectly on a fused silica substrate, shows T comp at around
170 K. For a film with 22 at. % Tb content, a slight in-
crease of µ0Hc is observed close to RT, which indicates
that T comp is slightly higher than 300 K, while diver-
gence of µ0Hc is not observed in the accessible tempera-
ture range (100−300 K) for Tb24Co76, which means that
TbxCo100−x films with x > 22 at. % Tb have a Tcomp
higher than 300 K. These observations emphasize the in-
fluence of a buffer layer on the magnetic properties of the
ferrimagnetic TbxCo100−x layers.
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Figure 3. Coercive field dependence on TbxCo100−x com-
position for samples deposited on fused silica substrates (il-
lustrated as circles), on fused silica/Au(20nm)/Al2O3(3 nm)
buffer structures (triangles) and on Al80Zr20(3nm) buffer lay-
ers (squares). Black, red and empty symbols correspond to
t = 20, 30 and 40 nm thickness of TbxCo100−x layer, re-
spectively. Correspondingly, IPMA and PMA denote regions,
where the alloys exhibit an in-plane and perpendicular mag-
netic anisotropy. Red and grey hashed areas correspond to the
xcomp for the sample series prepared directly on fused silica
substrate and onto Al80Zr20(3nm) buffer layers, respectively.
Measurements were performed in polar MOKE configuration,
with incident light of 530 nm wavelength.
We imaged the magnetic domain structure of the 20 nm
thick Tb24Co76 film, deposited on fused silica substrates,
using Kerr microscopy and XPEEM. Kerr microscopy im-
ages show a size distribution for the magnetic domains
(see Fig. 8 in the Supplementary information). Fig. 4(a)
shows X-ray absorption (XA) spectra recorded by means
of XPEEM at the Co L2,3 edges. The spectral shape
corresponds to metallic cobalt without trace of oxidation
[47]. Fig. 4(b) shows the corresponding XA spectra at
the Tb M5 edge. Magnetic contrast maps recorded at
the Co L2,3 and the Tb M5 edges are shown in Fig. 4(c)
and (d), respectively, with domain sizes in the microm-
eter range. The contrast reversal between the domains
visualized at the Co edge and the Tb edge directly con-
firms the ferrimagnetic coupling within the alloys.
Figure 4. X-ray absorption spectra measured at the (a) Co
L2,3 and (b) Tb M5 absorption edges and magnetic contrast
maps of a remanent magnetization state of a 20 nm thick
Tb24Co76 film obtained by combining XPEEM with XMCD
at the (c) Co L3 and the (d) Tb M5 edges.
C. Optical characterization
The wavelength dependence of the refractive index, n,
and extinction coefficient, k, extracted from the ellipso-
metric data, is summarized in Fig. 5 for three alloy films
with different Tb content within the 18-30 at.% range.
For all samples, a monotonic increase with increasing
wavelength is observed for both quantities. Similar qual-
itative behavior has also been recently reported for even
higher concentrations of Tb [48]. It appears that there is
no significant dependence on the Tb content for samples
with a Tb content above the xcomp. However, for a sam-
ple with Tb content below compensation point, the n and
k dispersion curves lie below the curves of samples with
Tb content x > xcomp. Once again, the optical constants
determined here have been targeted having in mind the
potential of TbxCo100−x films in magneto-plasmonic ar-
chitectures (see e.g. the work by Liu et al. [49], Rowan-
Robinson et al. [34] and Cheng et al. [50]). For the proper
electromagnetic design and simulations of these, knowl-
edge of these optical constants is of paramount impor-
tance.
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Figure 5. Dispersion of the refractive index, n, and the extinc-
tion coefficient, k , for various Tb contents in a film, obtained
from fitting ellipsometry data in the visible and near-infrared
range. Layer structure and thickness were taken into account
for ellipsometry data fits.
D. Magneto-optical Imaging: All-optical Helicity
Dependent Switching
The conditions for observation of AOS were investi-
gated in the TbxCo100−x samples with varying x, de-
posited directly on fused silica substrates and capped
with Al2O3 3 nm layer in situ. The results of multi-shot
and sweeping-beam experiments confirm the cumulative
mechanism of AO-HDS in TbCo alloys, which is also con-
firmed by the theoretical calculations, discussed towards
the end of this section. Single-shot helicity-independent
switching of magnetization was not observed in any of the
samples studied. However, a range of samples do exhibit
a multi-shot AO-HDS under suitable laser pulse param-
eters, such as fluence and sweeping speed. The range
of concentration and thickness, where AO-HDS was ob-
served (for these samples), is plotted in the diagram of
Fig. 6(a). Below 24 at.% Tb content, thermal demag-
netization is always observed. This is shown in the left
panel of Fig. 6(b), where both of the incident helicities,
σ+ and σ−, induce a contrast change in two oppositely-
oriented magnetic domains to an intermediate gray, in-
dicating that both helicities result in demagnetization.
Samples with Tb content ranging from 24 to 32 at.%
show AO-HDS, as seen in the right panel of Fig. 6(b).
For these samples, only one helicity can induce switching
for a domain of a given orientation. The opposite helic-
ity leaves the domain unaffected, showing a clear helicity-
dependence of domain writing. Further, for samples with
x > 32 at.%, domain contrast cannot be observed with
Figure 6. (a) Diagram showing the switching behavior as
a function of sample thickness and composition. The red
and green areas correspond to pure thermal demagnetiza-
tion and multi-shot helicity dependent switching, respectively.
In the white region, out-of plane domain contrast can no
longer be resolved with our microscope. The grey hashed area
corresponds to the compensation point xcomp. (b) Helicity-
independent thermal demagnetization as seen in the red re-
gion (left) and AO-HDS as seen in the green-shaded region of
the diagram (right).
the polar Faraday imaging geometry, due to the shift-
ing of easy out-of-plane magnetization axis towards the
in-plane direction. Hence, it is unresolved whether AO-
HDS occurs in this composition range or not. The laser
pulse width used to test for AOS varies from 100 fs to
240 fs, while the laser spot diameter varies from 50 to
80 µm. No qualitative change in the switching behavior
was observed for these samples using these laser param-
eters. It can also be seen from Fig. 6(a) that AO-HDS
is not as strongly dependent on sample thickness as it
is on the sample composition. Comparing these obser-
vations with Fig. 3, which shows that at room temper-
ature xcomp ∼ 23 at.%, we can conclude that AO-HDS
is observed only for samples with x > xcomp, i.e. for the
samples with T comp > 295 K. This finding agrees with
other studies, e.g. by Alebrand et al. [11], Mangin et al.
[12], that have investigated switching in TbCo alloys as
a function of Tb content, and found AO-HDS for sam-
ples for which 300 K < Tcomp < TCurie, where TCurie is
the Curie temperature. Thus the film composition, with
respect to the xcomp, clearly has a strong impact on the
possibility of achieving AO-HDS.
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Figure 7. Observation of AO-HDS dependence on fluence and number of shots in multi-shot experiments on Tb26Co74 films of
thickness (a) 20 and (b) 40 nm in response to a train of pulses incident at the same spot on the sample. A ring of switched
magnetization appears outside the central demagnetized region for the helicity σ− for bursts containing 100 or more pulses.
The inset shows the efficiency of AOS of magnetization as a ratio of the switched area to the total laser-affected area as a
function of number of shots for different fluence for σ− helicity.
Some representative results of multi-pulse switching in
Tb26Co74 films of two different thicknesses are summa-
rized in Fig. 7. A specific threshold fluence, below which
no contrast changes, i.e. no switching or demagnetization,
can be observed for all investigated samples (Dependence
of threshold fluence for samples with different Tb-content
is shown in Supplementary information, Fig. 9.). There-
fore, in Fig. 7 we show only the results of measurements
performed with a fluence slightly above the threshold flu-
ence. A demagnetized region, clearly resolvable only at a
fluence much higher than the threshold fluence, appears
with a single laser shot for 40 nm thick film. As the inci-
dent fluence is increased, this demagnetized region grows
larger but no AO-HDS is seen for a single shot of any
fluence, relating to recent observations made by Quessab
et al. [51]. This behavior is also seen for trains of 10 and
50 pulses incident on the sample. Due to the larger num-
ber of shots, the demagnetized region grows larger and
becomes resolvable for even smaller fluences. The yellow
dashed line illustrates how the demagnetization region
becomes resolvable at lower fluences for a larger number
of shots. The combination of the fluence and number of
shots determines the heat deposited to the sample, which
in turn determines the size of the demagnetized region.
However, no AO-HDS, only demagnetization, is observed
below 100 shots, irrespective of the incident fluence, for
either of the samples studied here.
Close to the threshold fluence, pure helicity-dependent
switching is observed for all the samples i.e. for one he-
licity, a complete reversal of magnetization is observed
without any central demagnetized region, whereas no
contrast change is induced by the opposite helicity. These
results further elucidate the effect of film thickness on
the switching behavior. Though the film thickness does
not play a crucial role in determining the presence of
AO-HDS for the samples investigated in this study, it
definitely affects the ‘quality of switching’. While both
20 and 40 nm thick Tb26Co74 samples show an outer
rim of AO-HDS outside the demagnetized region, the
rim is much more prominent, thicker and homogeneously
shaped for the 40 nm thick films. This further supports
the observation of better quality of switching for thicker
films, possibly due to better heat dissipation upon illu-
mination with a laser pulse, observed in beam sweeping
experiments [52].
Results of the beam-sweeping experiments on the 20
nm and 40 nm thick Tb26Co74 films are shown in Fig.
8, which illustrates the dependence of the observed AO-
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Figure 8. Sweeping speed dependence of AO-HDS in beam-
sweeping experiments on Tb26Co74 films of (left) 20 and
(right) 40 nm thickness.
HDS on the beam sweeping speed. It shows how, on
increasing the sweeping speed, the switched area transi-
tions from a homogeneously switched region to discon-
tinuously switched areas. This supports the multi-shot
switching mechanism further. A higher speed correlates
to fewer shots per unit length (since the repetition rate of
the shots is constant but the beam moves over the sam-
ple faster) and thus the discontinuity in switching can be
explained due to fewer number of shots and thus smaller
fluence received by a unit area. It can be seen from the
results obtained for two film thicknesses that the frac-
tion of the laser-swept area that undergoes homogeneous
switching is larger for 20 nm thickness as compared to 40
nm, for the same film composition.
We conclude that thickness does not play a crucial role
in determining the switching behavior for the 20 to 40 nm
thick films. El Hadri et al. [7] studied the role of thick-
ness in AO-HDS in TbCo films for a thickness range of
1.5 nm to 20 nm. In this range, they found that the
switching behavior was strongly influenced by the film
thickness. This was attributed to the sharp variation of
domain sizes as a function of film thickness in this criti-
cal regime. Their calculations show that the variation of
domain size with film thickness, is not as drastic in the
range of 20− 40 nm. The size of a magnetic domain was
considered as one of the criteria for the observation of
AO-HDS in both ferromagnetic Co/Pt and Co/Ni films,
as well as in ferrimagnetic TbCo alloys of certain thick-
nesses [7]. More specifically, it was discussed that AO-
HDS can be achieved in films of thickness 1.5 − 6 nm
with 8 to 15 at.% of Tb, or films of thickness 3.5 − 20
nm with 15−30.5 at.% of Tb, and defined a criterion for
the observation of AOS to be the domain size after laser-
induced heating which becomes larger than the laser spot
size. Our findings show that AO-HDS can be achieved
in thicker TbCo films, which have randomly shaped do-
mains with a broad size distribution from around 40 µm
for 20 nm thick film with 24 at.% Tb to 10 µm and smaller
domains for 30 nm thick films with 24−28 at.% Tb. The
domain sizes are either comparable or smaller, depending
on the composition (and thickness), with our laser spot
size of 50− 80 µm. Therefore, in our study, the domain
size with respect to the laser spot size does not appear to
Figure 9. Ab initio computed helicity- and frequency-
dependent IFE constants KIFE of Tb and Co atoms in TbCo2.
Note that the values for Co are multiplied by a factor of two.
be a determining parameter for the observation of AOS.
Instead, we explain the observation of helicity-dependent
AOS in our films with the help of theoretical calculations
of the IFE.
E. Ab initio calculations of the inverse Faraday ef-
fect
The ab initio computed frequency-dependent IFE con-
stants for the Tb and Co atoms are shown in Fig. 9.
Note that in the here-studied excitation geometry the
wave vector of the circularly polarized light is parallel to
the TbCo magnetization, to simulate a TbCo film with
PMA and illuminated at normal incidence. We adopt as
model system the ordered ferrimagnetic Tb33Co67 com-
pound, whose composition is on the edge of the AOS
region shown in Fig. 6(a). In the ab initio calculations
the Tb atoms have a 9.1 µB magnetic moment and the Co
atoms an antiparallel 1.3 µB moment. Further, we men-
tion that to obtain the laser-induced moment per atom
the results given in Fig. 9 are to be multiplied by the unit
cell volume and by I/c (for details, see [28]).
As can be directly recognized, the induced magnetic
moment on the Tb atom displays practically no helic-
ity dependence for a photon energy of 1.55 eV. Conse-
quently, on the Tb atom there will be a laser-induced
magnetic moment but it will be antiparallel to the Tb
atomic moment irrespective of the light’s helicity. This
in turn implies that helicity-dependent switching of the
large Tb moment is improbable. The situation is how-
ever different for the Co atom. At around 1.55 eV photon
energy the induced magnetic moment is strongly helicity
dependent and, importantly, changes sign when the helic-
ity is reverted, which is favorable for helicity-dependent
AOS. The helicity-dependent moments induced on the
Co atoms can initiate a magnetization reversal, but, as
its influence is small (about ±0.05 to ±0.10 µB for the
here-used fluences), it requires the accumulation of many
laser shots in a stochastic process to bring about the mag-
netization switching. To study the full process of both
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laser-induced demagnetization and switching it would be
required to perform magnetization dynamics simulations
(see, e.g., [9, 29]).
It is furthermore enlightening to compare the multi-
shot HD-AOS of TbCo alloys to the helicity-independent,
single-shot switching observed for GdFeCo (with ∼8%
Co) [1]. Although the Gd and Tb 4f elements are neigh-
bors in the Periodic Table, their magnetic properties are
vastly different. The Gd atom has a half-filled 4f shell
with zero orbital magnetic moment, whereas Tb has a
large orbital moment (3 µB). The inert, semi-localized
4f shell of Gd is not excited by an 1.55-eV pump laser,
therefore, its response to the laser pulse occurs indirectly,
through exchange coupling to the spin-polarized itinerant
sd electrons that are excited directly [29, 53]. The local-
ized Gd 4f spin moment exhibits hence a very slow de-
magnetization behavior, on the order of 14 ps [53]. This
slow magnetization response is however precisely the key
to the helicity-independent, single-shot switching. As an-
alyzed before, upon pump-laser excitation the 3d atom
Fe in GdFeCo demagnetizes fast, within 0.5 ps, whereas
Gd is only beginning to demagnetize [54]. At about 1 ps,
the moment on the Fe atom already re-magnetizes in the
presence of the Gd exchange field, and the building-up
of Fe magnetization then forces the Gd moment to flip
to the antiparallel direction at a longer picosecond time
scale when the Gd moment is re-magnetizing [29, 54]. A
Gd-Fe composition close to the compensation point is fa-
vorable for the reversing of the moments. Considering
conversely Tb, it is has been found in x-ray magnetic
circular dichroism (XMCD) studies that the 4f states
of ferromagnetic Tb metal exhibit a fast demagnetiza-
tion response, well within 1 ps [55]. Consequently, the
demagnetization time-scale difference that leads to pure
thermal switching in GdFeCo is not operative in TbCo,
as Tb and Co demagnetize on a similar time scale. In-
stead, magnetization switching in TbCo can only take
place in a stochastic multi-shot process, through a multi-
plicative accumulation of the single-shot switching prob-
abilities [9]. Our first-principles calculations show that in
particular the helicity-dependent laser-induced moments
on the Co atoms are responsible for causing AO-HDS in
TbCo, refining recently reported switching mechanisms
[51].
IV. DISCUSSION AND CONCLUSIONS
We determined the composition and thickness ranges
where the TbxCo100−x films exhibit perpendicular mag-
netic anisotropy, reporting that the magnetization com-
pensation point at room temperature is around 23 at.%
Tb for the samples deposited onto a fused silica or onto
Al2O3 buffer layers, while the samples deposited onto
Al80Zr20 have a compensation point around 20 at.% Tb.
When deposited onto amorphous layers such as fused
silica and alumina, TbxCo100−x films are amorphous,
whereas there are signatures of nanoscrystallite forma-
tion in the films deposited onto polycrystalline Au buffer
layers.
We further explored our parameter space for an op-
timal region for observation of AO-HDS. We find that
TbxCo100−x alloys which have x > xcomp at room tem-
perature, deposited directly onto fused silica substrates
exhibit AO-HDS. For these amorphous films, the sam-
ple composition is the most important parameter deter-
mining the switching behavior, and AO-HDS was ob-
served for the films with compositions in the range of
24− 30 at.% of Tb content, while the remaining samples
with lower Tb content show thermal demagnetization.
The samples with x > 2 at.%, exhibit in-plane magnetic
anisotropy and therefore no AOS was observed due to
our experimental setup, configured for the out-of-plane
magnetization switching measurements. The mechanism
for AO-HDS in TbxCo100−x samples investigated here is
not a single-shot helicity-independent mechanism like in
GdFeCo, but rather a cumulative multi-shot mechanism
similar to that observed in FePt and Co/Pt multilayers
[8, 12]. Helicity dependence shows up in the sample’s
response to a train of ultrashort laser pulses only after
50 − 100 shots, with a weak dependence on the applied
laser fluence. The film thickness furthermore has a lim-
ited influence on AO-HDS, only in terms of raising the
threshold fluence, above which either AO-HDS or demag-
netization is observed, and by improving the ‘quality’ of
the observed AO-HDS. Lastly, our first-principles calcu-
lations explain how the AOS can occur in TbCo. We
showed that circularly polarized laser light induces a he-
licity dependent magnetic moment on the Co atoms that
in particular can trigger the AO-HDS in a cumulative,
multi-shot process.
This study shows that ferrimagnetic TbxCo100−x films
in a suitable range of compositions can exhibit AO-
HDS under a range of controlled experimental param-
eters, such as a laser fluence and sweeping speed. We
also show how to control the properties like the coercive
field, switching behavior and room temperature compen-
sation point, while maintaining an out-of-plane magnetic
anisotropy by growing these layers onto a variety of buffer
layers. Our observations underline the potential of the
combination of TbCo with suitable plasmonic materials
in order to fabricate hybrid magneto-plasmonic architec-
tures [34], possibly enhancing the magneto-optical activ-
ity and ultrafast AOS, as was recently shown by Liu et al.
[49] using patterned Au antennas onto a TbFeCo film, or
Cheng et al. [50] for Co/Pt with Au. Such architectures
are potential candidates for the future magnetic memory
storage devices based on opto-magnetic effects [56].
The data that support this study are available via the
Zenodo repository [10].
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SUPPLEMENTARY INFORMATION
A. Sample preparation and characterization
1. Co-sputtering
Films were prepared by co-sputtering Tb and Co in
ultrahigh vacuum chamber with a base pressure of 10−10
-10−9 Torr, while the Ar+ sputtering gas pressure was
2-3 mTorr. The Tb:Co ratio was varied by keeping a
constant power on Tb target and varying power on Co
target. The buffer and capping layers of Al80Zr20 and
Al2O3 were prepared in situ.
2. Elemental characterization
For the RBS and PIXE measurements, the films were
loaded on a wheel-sample holder mounted on a computer-
controlled goniometer, which allows simultaneous data
acquisition and sample positioning. The incident/exit
angles of the sample were automatically ”randomized”
during the measurements by small steps (±2◦) around
an equilibrium incident angular position (α = 5◦) in or-
der to reduce residual channeling effects. For the RBS,
a Passivated Implanted Planar Silicon (PIPS) detector
with energy resolution of FWHM ≈ 13 keV (for the whole
detection chain) was placed at a scattering angle of θ =
170◦. The RBS measurements were carried out in a low
current regime, aiming to avoid problems with pile-up
effects (<1% for all the measurements). The experimen-
tal RBS spectra were analyzed using the latest version of
the SIMNRA code [1], and the stopping power data used
as input in the fits was selected from the last version of
SRIM [2] code. Simultaneously with RBS measurements,
PIXE spectra were recorded for each sample, using a sil-
icon drift detector (SDD) placed at θ = 135◦ with a 79.5
µm Mylar absorber in front of the Be-window (resolu-
tion: FWHM ≈ 143 eV for Fe-Kα characteristic energy).
The PIXE spectra were fitted using the GUPIX code [3].
Both RBS and PIXE spectra were analyzed following an
iterative and self-consistent approach (further details of
the setup and data analysis routine can be found in [4]).
3. Structural characterization
The thickness and roughness of individual layers com-
prising our structures, was determined using x-ray re-
flectivity (XRR) and fitting the obtained data to a GenX
model [5] corresponding to the actual layer structure. An
example of measured data and corresponding fit is shown
in Fig. 10, for a sample of the following structure: fused
silica/Tb24Co76/Al2O3. Grazing incidence x-ray diffrac-
tion (GIXRD) measurements were performed to deter-
mine the layered structure of the films. The x-ray beam
was incident at grazing angles in the range of ω = 0.5-
1.5◦, while the detector scanned the range 2θ = 10-60◦.
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Figure 10. XRR of Tb24Co76 film, deposited onto a fused
silica substrate and capped with Al2O3, measured with x-
rays of 1.5418 A˚ in wavelength. From fitting the x-ray data
in GenX we extracted the following thickness: 26.14(32) nm
and 3.03(66) nm for Tb24Co76 and Al2O3 layers, respectively.
Complementary to x-ray characterization, we per-
formed EXAFS (SuperXAS - X10DA beamline at PSI,
Switzerland) measurements to confirm the amorphous
structure of the TbCo thin films. Figure 11 shows EX-
AFS absorption spectra for a sample with the follow-
ing structure: fused silica/Al80Zr20/Tb18Co82/Al80Zr20.
The spectra were recorded at the Co-K edge and for
two orthogonal directions: at a grazing incidence (10
deg from the sample plane, black curve) and at a nearly
normal incidence (88 deg from the sample plane, blue
curve). The Absorption curve of the crystalline Co film
was recorded at 80 K and is shown as a red reference
curve. From the recorded spectra at grazing and a nearly-
normal incidence, no significant structural anisotropy can
be observed.
B. Magneto-optical measurements
We plot the coercive field dependence on the buffer
layer for the 20 nm thick Tb18Co82 films in the Fig. 12. It
can be observed that the sample prepared onto Al80Zr20
buffer layers exhibits highest, while deposition directly
onto Au buffer layer results in a significant reduction of
coercive field.
Samples with 15, 18 and 22 at. % Tb prepared onto
and capped with Al80Zr20 buffer layers, were measured
employing polar magneto-optical effect (PMOKE). Mag-
netization loops were measured at room temperature us-
ing a PMOKE setup in reflection geometry as a func-
tion of wavelength of the incident light. The incident
12
Figure 11. EXAFS spectra for Tb18Co82 film, deposited onto
a fused silica substrate and capped with AlZr, measured at
two nearly orthogonal directions. Crystalline Co reference is
shown by a red line.
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Figure 12. Coercive field dependence for 20 nm thick
Tb18Co82 films deposited on different buffer layers.
light wavelength was swept from 400 to 800 nm, while
an out-of-plane static magnetic field of 900 mT was ap-
plied. Fig. 13 demonstrates the wavelength dependence
of Kerr rotation and ellipticity. It can be observed that in
contrast to films with 15 and 18 at.% Tb, the measured
out-of-plane hysteresis loop of the sample with 22 at.%
Tb appears to have changed the sign/direction (See Fig.
14), in agreement with the Kerr rotation and ellipticity
spectra.
Since MOKE is mostly sensitive to the TM component,
with the careful alignment of polarizer and analyzer in
the MOKE setup one can determine the crossover from
the TM to RE dominant composition via observation of
the magnetization loop sign. When the alloy is TM dom-
inated, the net magnetic moment follows the direction of
the external magnetic field. When the alloy becomes RE-
dominated, the total magnetic moment is antiparallel to
an external magnetic field, and therefore for positive ap-
plied magnetic field the saturation is negative, and vice
versa. This indicates that the compensation point for
films prepared onto AlZr buffer layer is around 20 at.%
Tb at room temperature, which is in agreement with re-
sults presented in a previous study by Frisk et al. [6].
We measured the thickness dependence of the coer-
cive field for Tb18Co82/Al2O3 films using PMOKE setup
with 530 nm wavelength of incident light (Fig. 15). It
can be seen that 7 nm thickness of films is a threshold
thickness between in-plane and out-of-plane magnetiza-
tion. Thicker samples exhibit square out-of-plane loops
for the film composition of Tb18Co82.
C. Kerr microscopy
We imaged the magnetic domain structure of our films
using Kerr microscopy. The imaging was performed af-
ter demagnetizing sample in the oscillating magnetic field
with an amplitude, decaying in time. This way the re-
manent magnetic state was observed. Here we present
results of an average domain size variation for Tb-rich 30
nm thick films. The domain size computed by the pair
correlation function (PCF) (see Fig. 16) is from tens to
a few µm in size for all of the films, and therefore the do-
mains are large enough in order for the films to be used
for patterning of nanosized elements exhibiting a single
domain state. Reduction in the average domain size with
increasing Tb content can be observed, similarly to the
coercive field, which decreases with increasing Tb con-
tent. Equilibrium domain size was used as a criterion for
the observation of the AOS in TbCo alloys by El Hadri
et al. [7], where the criterion is for the domain to be larger
than the laser spot size. In our work, the laser spot size
(FWHM), depending on the fluence, was in the range of
50 − 80µm, which is much larger than the observed do-
main size. Nonetheless, we observed AOS for a range of
TbCo compositions.
D. Optical characterization
We performed optical characterization by means of el-
lipsometry. We measured a range of TbxCo100−x films
with different x, capped with Al2O3 in order to prevent
oxidation of the film after deposition since all the charac-
terization was not performed in situ. The ellipsometric
quantity ρ=
rp
rs
=tanψ · eiδ [8] was measured and used to
extract the refractive index n and extinction coefficient k
by means of GenX fits [5]. The GenX software [9] is gen-
erally used for X-ray and neutron reflectivity data fitting,
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Figure 13. Dependence of Kerr rotation and ellipticity on the wavelength of incident light for 20 nm thick TbxCo100−x samples
with x = 15, 18.6, 22.4 at.% Tb
Figure 14. PMOKE measurements of
Al80Zr20/TbxCo100−x/Al80 Zr20 films, where x = 15,
18 and 22 at.%. Loops were recorded using incident light
with wavelength of 530nm.
but by rescaling the X-ray scattering lengths (Eq. 2) one
can implement visible light wavelengths. The complex re-
fractive index and GenX quantity scattering length den-
sity f are related through the dielectric susceptibility χ:
D · f = −χ · pi
re · λ2 , (2)
where D, re and λ are a material density, the electron
radius and wavelength of incident light, respectively, and
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Figure 15. PMOKE measurements of Tb18Co82/Al2O3 films
of varying thickness. Loops were recorded using incident light
with wavelength of 530nm. Inset shows MOKE loops recorded
for a 7 nm thick sample in longitudinal and polar configura-
tions (IPMA and PMA, respectively).
since  = (n+ ik)2 = 1 + χ,
D · f = −[(n+ ik)2 − 1] · pi
re · λ2 (3)
The GenX-program calculates the complex wave field
matrix W of the reflected wave, from which the ellipso-
metric data can be calculated and fitted.
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Figure 16. Average magnetic domain size dependence on the
Tb content (above compensation composition) in TbxCo100−x
films for samples deposited onto Al2O3 seed layers.
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The script for ellipsometry data fitting can be found
on the Zenodo repository [10].
After the extraction of n and k one can compute optical
conductivity for the films:
σ(λ) =
nkω
2pi
=
nkc
λ
. (5)
The optical conductivity dispersion for our investi-
gated TbxCo100−x films is shown in Fig. 17. The peak
at around 900 nm wavelength can be observed for sam-
ples containing 24 and 29 at. % Tb, while sample with
18 at. % Tb appears to have a peak at shorter wave-
lengths. Optical conductivity dispersions can provide in-
formation about electronic transitions induced by opti-
cal excitations [11]. This information could be used for
modelling electronic density of states and electronic tran-
sitions within the metallic compounds. However, this is
out of scope of this work.
E. Laser pulse parameters for All-Optical Helicity
Dependent Switching
We plot the threshold fluence, above which AO-
HDS/demagnetization can be observed, as a function of
film thickness in Figure 18. Within the error bars, a gen-
erally increasing trend can be observed for increasing film
thickness. Both the better switching quality (discussed in
the main text) and the increased fluence threshold with
Figure 17. Dispersion of optical conductivity of TbxCo100−x
films.
increasing thickness could be attributed to better heat
dissipation in thicker films.
Figure 18. Dependence of threshold fluence on film thickness
for three different compositions of TbxCo100−x
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